The purpose of this study was to investigate the biomechanical properties of modified repair techniques for flexor tendon reconstruction and the effects of surface modification using carbodiimide-derivatized synovial fluid plus gelatin (cd-SF-G), compared to the traditional repair techniques. The second and fifth digits from 16 canine forepaws were randomly divided into 4 groups: (1) traditional graft repairs (TGR group) including distal Bunnell repair and proximal Pulvertaft weave repair; (2) modified graft repairs (MGR group) including distal graft bony attachment repair and proximal step-cut repair; (3) group TGR coated with cd-SF-G (TGR-C group); and (4) group MGR coated with cd-SF-G (MGR-C group). Digit normalized work of flexion (nWOF), ultimate failure strength, and stiffness were measured. The nWOF in MGR group was significantly less than TGR group (p < 0.05). The nWOF in groups treated with cd-SF-G was significantly less than their untreated counterparts (p < 0.05). Ultimate load to failure of the MGR-C group was significantly greater than the TGR-C group (p < 0.05), but no significant difference in stiffness was found between these two groups. The modified techniques cannot only improve tendon gliding abilities but can also improve breaking strength. Additionally, surface modification with cd-SF-G significantly decreased the work of flexion.
respectively. 1, 2 However, these repair techniques were designed for the autologous tendon graft, in which the graft tendon size was smaller than the recipient flexor digitorum profundus (FDP) tendons. Recent studies have explored the potential for using allograft tendons. 3, 4 In such cases, the graft tendon size matches that of the recipient. The modified repairs of graft conjunction have been reported recently. 5, 6 Most attention has been paid to producing a tendon-bone or tendon-tendon construct strong enough to allow early rehabilitation while minimizing short-and long-term morbidity. The mechanical strength of different proximal and distal repair techniques have been studied separately. 7 Hashimoto et al. 8 modified proximal tendon-to-tendon repair with step-cut (SC) techniques, which had similar repair strength but less bulk than the PW repair. Wei et al. 9 reported that FDP tendon allograft with a distal bone segment enhanced distal repair strength of flexor tendon reconstruction. However, these studies focused on strength and bulk of repairs. The effect of the repair modifications on tendon gliding ability, which is an important parameter for flexor tendon reconstruction, has not been evaluated. 10 To improve the graft gliding ability, carbodiimide-derivatized lubricant molecules such as hyaluronic acid and lubricin have been used for flexor tendon reconstruction. 11, 12 More recently, surface treatment with carbodiimide-derivatized native synovial fluid (SF), which contains native hyaluronic acid and lubricin as well as phospholipids, also been shown to improve the graft tendon's gliding ability. 13 However, the effects of this surface modification on graft junction repairs have not been studied.
The purpose of the present study was to investigate biomechanical properties of the repaired tendons, including work of flexion (WOF), which is an outcome measure of tendon gliding ability, 10 and ultimate failure strength and stiffness after flexor tendon reconstruction with commonly reported techniques (Bunnell at distal repair and PW at proximal repair). These qualities were compared with newly developed repair techniques (bone-to-bone at distal repair and SC at proximal repair). The second purpose of this study was to evaluate the effect of surface modification with carbodiimide-derivatized synovial fluid plus gelatin (cd-SF-G) on the WOF after using these techniques for flexor tendon reconstruction. The study used a canine in vitro model.
MATERIALS AND METHODS

Study Design
Sixteen forepaws separated below the wrist were harvested from eight mixed-breed dogs (weight, 21-26 kg) that had been euthanized for other studies approved by the Mayo Clinic Institutional Animal Care and Use Committee. The paws were frozen at −80°C and thawed at 4°C 1 day before repair. The second and fifth digits were randomly divided into four groups on the basis of repair techniques: (1) traditional graft repairs (TGR) including distal Bunnell repair (Fig. 1A ) and proximal PW repair (Fig. 1B) ; (2) modified graft repairs (MGR) including the distal repair with distal bony attachment ( Fig. 2A ) and proximal SC repair (Fig. 2B) ; (3) TGR coated with cd-SF-G (TGR-C), which consisted of 46% native SF, 10% gelatin, 1% 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride, and 1% Nhydroxysuccinimide in 0.1 m/L 2-(N-morpholino)ethanesulfonic acid buffer (pH, 6.0); and (4) MGR coated with cd-SF-G (MGR-C). FDP tendons from the third and fourth digits were harvested for use as tendon grafts.
Surgical Procedures and Tendon Modification
FDP tendons from the second and fifth digits of the forepaw were exposed with a Bruner incision, and the FDP tendon was transected sharply from its insertion on the distal phalanx and proximally 2 cm distal to the common FDP tendon, at which level the four FDP tendons fuse together. The transected FDP tendon was removed from the flexor sheath, and the remaining digit, flexor digitorum superficialis tendon, and pulley system were kept intact as a recipient digit. The forepaw third and fourth digit FDP tendons were harvested either with or without the distal bony block attachments as previously described, 9 as determined by the randomization scheme, to be used as graft tendons.
PW repairs were performed with two weaves and two 4-0 FiberWire (Arthrex, Inc., Naples, FL) cross-stitches at each weave and four 6-0 Ethibond (Ethicon US, LLC) mattress sutures at the corners of the tendon ends (Fig. 1B) . SC repairs were 20 mm in length, preserving two-thirds of the tendon width in accordance with previously reported techniques. 8 These repairs were performed with three 4-0 FiberWire cross-stitches at the repair site and a 6-0 Ethibond circumferential epitendious locking stitch (Fig. 2B ).
Applying the Bunnell technique, we made two needle holes in the volar cortex of the distal phalanx immediately distal to the nail bed matrix. The distal edge of the FDP tendon was attached to the surface of the distal phalanx. Each suture strand was threaded through a drill hole in the distal phalanx and tied dorsally over a 1.1-cm polypropylene button on the fingernail (Fig. 1A) . The tendon with the bony attachment was reattached to the distal phalanx with a 4-0 FiberWire in a Bunnell suture pattern. 9 Each suture strand was threaded through drill holes in both the volar cortex of the distal phalanx and a fragment of bone and then tied over a 1.5-cm polypropylene button on the fingernail ( Fig. 2A ). Specimens were distributed equally across the groups on the basis of individual dog and digit (second and fifth) to diminish the influence of the interaction of these factors. Finally, the skin was closed with 3-0 Vicryl suture (polyglactin; Ethicon US, LLC).
Canine SF from the knee joints was collected immediately after the dogs were sacrificed and stored at −80°C for future use in surface modification of the graft. After collecting 32 ml of SF, it was defrosted, pooled, and divided it into 2-ml aliquots, each stored in a separate vial and frozen again. Immediately before each experiment, a SF bottle was randomly selected, defrosted, and used for tendon surface modification. The grafted FDP tendons were immersed for 30 s in cd-SF-G, which consisted of 46% SF, 10% gelatin (from porcine skin; Sigma-Aldrich Co, LLC), 1% 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC; Sigma-Aldrich Co, LLC), 1% N-hydroxysuccinimide (NHS; Pierce), 0.1 mol/L 2-(N-morpholino) ethanesulfonic acid, and 42% 0.1 mol/L Mes (Sigma Chemical, St. Louis, MO), pH 6.0. After immersion, each tendon was (1) placed in an incubator at 100% humidity and 37°C for 15 min, (2) wrapped in a wet towel and (3) kept at 37°C for 1 h. It was then immediately used in the tendon repair.
Measurement of Digital WOF
WOF testing was performed using a previously established method (Fig. 3) . 11 An actuator pulled the tendon proximally, causing digit flexion. Data from the linear potentiometer and proximal load transducer were recorded at 100 Hz. During testing, the trajectory of digit motion was recorded simultaneously (from extension to flexion) with a passive marker kinematic data collection system (Motion Analysis Corp). WOF data was calculated from tendon displacement versus loading curve during digital flexion and then normalized with total proximal interphalangeal (PIP) joint and distal interphalangeal (DIP) joint motion angles, with the outcome termed normalized work of flexion (nWOF). 10, 14 WOF was first measured in normal digits as a baseline control. Then the digit WOF was measured again after tendon reconstruction with TGR and MGR grafts. Finally, the grafts in TGR and MGR groups were treated with cd-SF-G for the surface modification, and WOF was measured a third time WOF presents graft digit function with the higher the WOF and the worse the digit function.
Measurement of Ultimate Failure Strength and Stiffness
After WOF measurement of the TGR-C and MGR-C graft digit, the ultimate failure strength and stiffness of the reconstructed tendons were measured. The DIP, PIP, and metacarpophalangeal joints of each digit were fixed with k-wires at 70°, 70°, and 55°, respectively, which were measured through radiography of the dog's forepaw in a standing position. Then, each repaired digit was mounted onto a servohydraulic testing machine (MTS Systems Corp, Minneapolis, MN), and the tendon was distracted to failure at a rate of 20 mm/min. A differential variable reluctance transducer (DVRT) (MicroStrain, Burlington, VT,) was inserted across both the proximal and distal repair sites to measure the gap formation at both sites. The DVRT was small and lightweight and should not have affected the tendon failure mechanism or loading adversely. Tensile strength, actuator displacement, and the displacement measured by the DVRT were recorded. Ultimate failure load and repair stiffness were analyzed. Failure mode and location (proximal or distal) were also recorded.
Data Analysis
All data were presented as mean (SD). A one-way analysis of variance was used to analyze differences in nWOF and repair strength. A paired t-test was used to evaluate the effect of cd-SF-G surface modification on each outcome variable. The Fisher exact test was performed to assess the incidence rate between proximal and distal failure and was followed with a Tukey-Kramer post-hoc test. The statistical significance level was set at p < 0.05 in all cases.
RESULTS
The nWOF in the MGR group was significantly less than that in the TGR group (p < 0.05) (Fig. 4A) . The nWOF in TGR-C and MGR-C groups was significantly decreased compared their respective untreated groups (p < 0.05) (Fig. 4B and C) .
As shown in Figure 5A , the ultimate failure load of the MGR-C group was significantly greater than the TGR-C group (p < 0.05), but no significant difference in stiffness was found between the TGR-C and MGR-C groups (Fig. 5B) . Two tendons ruptured at the proximal repair site and six tendons ruptured at the distal repair site in the MGR-C group, whereas all the tendons ruptured at the distal repair site in the TGR-C group. However, these results represented no significant difference in tendon rupture position between the TGR-C and MGR-C groups (p = 0.47, Fisher exact test) ( Table 1) .
DISCUSSION
Although flexor tendon laceration repair outcomes have improved markedly with new tendon repair techniques and suture materials, adhesion formation and tendon rupture continue to be difficult problems after flexor tendon repair. 15 Tendon grafting still has a vital role in reconstruction of damaged flexor tendons to restore finger function. 16 The present study investigated the effect of the MGR techniques combined with cd-SF-G surface modification on tendon graft strength of repair and gliding ability compared with the traditional techniques. Typically, the repair ruptures occur at only one site in flexor tendon reconstruction, either at the distal or proximal repair. Boyes and Stark 17 found "15 graft ruptures at the proximal repair and 6 at the distal repair in 1,000 cases of one-stage grafts". 17 Tonkin et al. 18 reported "145 one-stage grafts, in which grafts ruptured at the rates of 11.3% (3-4 weeks of immobilization followed by gentle active mobilization) and 6.2% (immediate controlled mobilization)." When adhesions around graft tendons are presented, minimal or no force is transferred to distal repair, which explains why proximal repair failures were dominant in vivo studies. However, when the graft adhesions are limited, distal repair failure becomes the major problem. 17 In our study, we found that the distal attachment of the FDP was vulnerable in both groups, which indicated that the strength of distal repair was weaker than the proximal repair since no adhesion formation existed in this time 0 study.
Widespread reports have evaluated the distal attachment of flexor tendon reconstruction using Bunnell and suture anchor with inconsistent results. Skoff et al. 19 found "no significant difference in load to failure (40 N) between the Bunnell and suture anchor techniques. The mean stiffness of the anchor repairs, however, was significantly greater than that of the Bunnell repairs". In contrast, Silva et al. 20 showed "that repairs performed with a dorsally placed button had greater ultimate force (58.1 N) than those performed with a suture anchor (43.8 N)." Brustein et al. 21 found that "the micro bone anchor provided a stronger tendon-to-bone repair (69.9 N) than either the pullout button (43.3 N) or the Mini anchor (44.6 N)." Wei et al. 9 found no significant difference in failure load and stiffness between the pull-out button (73.5 N) and suture anchor groups (58.2 N). Flexor tendon grafting using a plantaris tendon with a fragment of attached bone for fixation to the distal phalanx as an innovation was first reported by Morrison and Schlicht. 22 Leversedge et al. 23 reported an average recovery of 64% in active range of motion after flexor tendon grafts in 10 digits. Bertelli et al. 16 obtained a mean 70% range of motion recovery in 13 digits from 10 patients. Wei et al. also studied the pull-out button, suture anchor, and bony attachment techniques in a cadaver model. They found an intrasynovial flexor tendon graft with its bony attachment had significantly improved tensile properties at the distal repair site compared with a typical tendon-to-bone attachment with a button or suture anchor. 9 In our canine model, the failure load of the tendon with a bony segment was higher (52.5 N) than that of the pull-out button (44.8 N) . The superior failure load indicated that including a portion of the distal bony attachment could increase the tendon holding strength.
In addition to the distal tendon-to-bone attachment reconstruction, the PW technique is widely used at the graft's proximal tendon-to-tendon juncture. In 1979, Becker et al. 24 reported an innovative bevel-cut technique, similar to the SC technique, to eliminate gap formation following primary tendon repair. The ultimate failure load of the technique of Becker et al. was higher than that of Kessler and Bunnell repairs. Gordon et al. 25 demonstrated that the full SC repair was stronger to resist gap formation and provide ultimate tensile strength compared with the full Kessler-Tajima repair. Hashimoto et al. 8 found that the ultimate load to failure and stiffness of SC repairs tended to be higher than those of PW repairs, but no significant difference was found between the two techniques. However, SC repair sites were significantly less bulky than PW sites. Hashimoto et al. concluded that the SC technique seemed to be a valid alternative to the PW technique, especially in repairs using tendons of similar diameter. Based on the results of this study, failure strength of the graft tendon as a whole construct was increased significantly in modified repair techniques compared with the traditional repairs, although we did not test each individual repair that has been reported previously. 8, 9 In traditional repairs, all failures occurred at the distal tendon-to-bone repairs, although the force applied to the distal repair might be smaller than the force applied to the proximal repair because of friction. However, in modified repairs, two grafts failed at the proximal repair, which indicated that the increase of graft strength might be due to increased distal repair technique. In addition to increased graft strength, the modified repair techniques showed improved graft gliding ability, indicated by decreased WOF compared with traditional repair techniques. Because tendon gliding ability is an important parameter that affects graft results, the modified repair techniques could offer advantages over the traditional repair techniques in improvement of the postoperative condition of patients.
Studies have shown that the application of surface lubricants such as hyaluronic acid, lubricin, and phospholipids has improved tendon gliding. 12, 26 Momose et al. 27 and Ikeda et al. 13 reported that surface modification of the extrasynovial tendon with carbodiimidederivatized hyaluronic acid and cd-SF-G, respectively, improved tendon gliding ability. Mechanical test results presented in this study also demonstrated that graft tendon coated with cd-SF-G had significantly less WOF than the grafts without treatment. The advantage of SF is that it is not only a natural combination of biological lubricants but is also easily obtained and a cost-effective solution for reducing gliding resistance.
A limitation of this study was that the vitro model only provides a snap shot at the immediate biomechanics of repair and cannot account for the effect of healing. However, in the perspective of healing, it has been reported that the bone-to-bone healing interfaces are superior to the tendon-to-bone healing interfaces. As for the proximal allograft tendon repair, the SC also places the healing at tendon midsubstance interfaces rather than between tendon surfaces. Thus, the assumption would be that the healing at both distal and proximal repair sites with modified repair techniques would be superior to the traditional repair techniques. However, this assumption needs to be proven through an in vivo study in the future. Since there are two repairs in the graft, we do not know the exact repair strength for both repairs as we would if the sites were tested individually. However, these repair techniques have been studied individually, and by combining a test of both repairs in the in situ condition, we believe we have created a more clinically relevant assessment of the repair strength for the future in vivo animal investigations. Additionally, after the WOF testing, mechanical strength and stiffness was evaluated only on MGR and TGR with surface modification and no data was collected for without the cd-SF-G treatment. However, it has been previously demonstrated that the cd-SF-G treatment does not alter the tendon mechanical properties. 13 Therefore, we reasoned that cd-SF-G would not affect the graft repair properties.
In conclusion, this study evaluated modified techniques of flexor tendon repair using a tendon graft combined with cd-SF-G surface modification to reconstruct the tendon-totendon and tendon-to-bone junctions and compared biomechanical parameters with traditional techniques. Results showed that modified techniques not only improve tendon gliding abilities but also can increase failure strength. In this vitro model, surface modification of the flexor tendon with cd-SF-G significantly improved digit function without affecting tendon stiffness. This technique may facilitate early postoperative rehabilitation after tendon graft, thereby leading to fewer adhesions and better digit function. Future investigations are needed to evaluate this technique and study the long-term effects in an in vivo animal model. Modified graft repairs (MGR) including tendon-distal phalanx attachment with graft tendon with distal bony attachment (A) and flexor digitorum profundus-to-flexor digitorum profundus repair with step-cut technique (B). 
